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A B S T R A C T
This work aims to investigate the multiscale tribological behavior when drilling natural ﬁber composites by
changing the tool-composite interface trough the modiﬁcation of the tool coating. Drilling experiments were
carried out on bidirectional ﬂax ﬁbers reinforced polypropylene resin using the same drilling tool geometry with
three different coating properties. Results show that the tribo-mechanical behavior of the drilling operation is
affected by changing the tool coating at different scale levels. This multiscale behavior is related to the intrinsic
friction properties of each coating nature that inﬂuence the tribo-contact at the interface between the cutting tool
edge and the composite surface.
1. Introduction
Manufacturing of natural ﬁber composites is among the real current
industry challenges. This type of material offers both economic and
ecological advantages in order to promote sustainable development by
producing biodegradable and recyclable products [1–3]. The good pro-
cessing of natural ﬁber composites implies the mastering of the different
tribological aspects during manufacturing processes, especially when
machining because cutting processes generate intimate friction contacts
that can cause material damage and tool wear [4–7]. Understanding the
friction produced by the tool geometry, the tool kinematic as well as the
surface properties of the cutting tool seem to be important to control the
tribological phenomena during machining operations.
Drilling of natural ﬁber composites has been investigated in few
research works [8–13]. All these works have concluded that the feed rate
and cutting speed are seen to contribute the most to the delamination
effect. Generally, the use of high cutting speed and low feed leads to
minimize delamination on drilling at hole extremities. However,
considering high cutting speed and low feed in drilling natural ﬁber
composites induces the maximum residual tensile strength which is not
desirable for machining productivity and cutting edge sharpness [9].
Furthermore, it has been shown that the optimum drill point geometry
for synthetic ﬁber composite laminates is not suitable for natural
ﬁber-reinforced laminates because of the difference in the constituents
and the material removal mechanisms [13].
Thus, drilling process of natural ﬁber composites needs more in-
vestigations to explore other parameters that can inﬂuence the machin-
ability of these novel materials, especially the tribological parameters
that control the tool/material contact. Indeed, the contact between the
cutting tool and natural ﬁber composites is extremely complex due to the
multiscale heterogeneous structure of natural ﬁbers within the composite
parts [14]. Therefore, the multiscale morphology of the tool surface must
be considered when investigating the tribological phenomena in drilling
natural ﬁber composites. The concept of intrinsic friction at cutting tool
surface can hence be revealing. In fact, the surface intrinsic friction is the
microscopic friction response that is only due to the microscopic
morphology of this surface. The intrinsic friction is then a microscopic
property of a given surface independently of any external contact or
tribo-system interactions. Investigating the intrinsic friction of two sur-
faces can lead to understand the macro-tribological contact between
these two surfaces as the friction is a multiscale concept [15]. Thus, the
aim of this is to understand how this intrinsic friction can affect the
macro-tribological contact when machining natural ﬁber composites.
In this paper, a particular focus will be placed on the tool/material
contact tribology when drilling natural ﬁber composites regarding the
cutting speed, the cutting feed and the tool coating by investigating three
coating properties. Bidirectional woven ﬂax ﬁbers reinforced poly-
propylene resin will be considered for this study. Uncoated tungsten
carbide, titanium diboride coated and diamond coated tools were used to
conduct the drilling tests. Tribo-energetic approach will be adopted to
evaluate the machinability at the considered cutting conditions. To un-
derstand the tribological drilling behavior regarding the tool coating
properties, the intrinsic friction response of each coating type is deter-
mined with Atomic Force Microscope (AFM). Then, the induced
machined surfaces are explored by Scanning Electronic Microscope
(SEM) to show the functional relationship between the tribo-energetic
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cutting behavior and the resulting surfaces state. Finally, the apparent
drilling friction will be calculated using the in-situ measured cutting
forces at each cutting conﬁguration to show the frictional performances
of the drilling operation on ﬂax ﬁber composites.
2. Material and methods
2.1. Flax ﬁber composites
Flax ﬁber composites investigated in this study are composed of
bidirectional woven ﬂax ﬁbers as shown in Fig. 1a. The used composites
sheets (Fig. 1b) are bended by polypropylene matrix and are supplied by
“Composites Evolution – UK”. More technical data about the bidirec-
tional ﬂax ﬁbers reinforced polypropylene composites (BDF/PP) are
given in Ref. [6]. The BDF/PP workpieces have the total dimensions of
300 mm (length)  35 mm (width)  4 mm (thickness).
Fig. 1. a) Bidirectional woven ﬂax ﬁber reinforcement. b) BDF/PP composite sheet.
Fig. 2. Representative schema of the used drilling tool geometry (provided by Sandvik Coromant).
Fig. 3. SEM images of the primary cutting edge for each coated drilling tool: a) Uncoated, b) TiB2 coated and c) Diamond coated.
Table 1
Coating characteristics of each drilling tool.
Uncoated TiB2 coated Dia. coated
Substrate WC WC WC
Coating process – Monolayer PVD Multilayer CVD
Coating composition – TiB2 Diamond sp3
Coating thickness (μm) – 2± 0.7 7± 1
Measured edge radius (μm) 5.5± 0.5 8± 0.5 11.5± 1
Fig. 4. Experimental drilling setup.
Table 2
Cutting conditions for drilling operations.
Tool coating Feed rate (mm/min) Cutting speed (m/min)
Uncoated
TiB2 Coated
Diamond Coated
100
200
300
20
30
40
50
60
70
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2.2. Coated cutting tools
Three iso-geometry helical carbide drill bits with 6 mm of diameter
and composed of two cutting edges were provided by “Sandvik Coromant
– FR” (Ref. 854.1-0600-05-A0) with different coating properties. The
drilling tools have a point angle of 130, a point length of 1.4 mm and a
ﬂute length of 42.6 mm. A representative schema of the used drilling
tools is illustrated in Fig. 2. Uncoated tungsten carbide, monolayer
physical vapor deposition (PVD) titanium diboride (TiB2) coated and
multilayer chemical vapor deposition (CVD) diamond coated are
considered. Changing the coating type doesn't affect the geometrical
properties between the three studied drilling tools, except the tool-
composite interface trough the change of the tool surface morphology
and the cutting edge sharpness. Indeed, Fig. 3 shows that each coating
type generates different surface morphology and different cutting edge
radius. Diamond coating, which has the highest thickness, generates the
highest cutting edge radius as shown in Table 1. More technical data
about CVD and PVD processes are given in Ref. [5].
2.3. Drilling operations
Drilling experiments were performed on instrumented three axes CNC
machine as described in Fig. 4. Experimental system was mounted on a
Kistler dynamometer (model 9271A) in order to measure the drilling
thrust and torque. The acquired drilling signals were converted into
voltage signals using a multichannel charge ampliﬁer (type 5019A130).
Data acquisition system was performed with a data acquisition device
(National Instruments, USA), along with a data recorder (LabVIEW
software) at 1000 Hz sampling rate.
Tests have been conducted on dry cutting contact conditions at
different cutting speeds and feed rates. All other cutting parameters were
kept constant. The drilling process parameters are presented in Table 2.
In order to get reliable results, each test was repeated three times under
identical conditions and with a new cutting tool at each time. Thus, the
output values from drilling experiments are presented as the mean of
these three repeated tests. Errors are considered as the average of the
absolute deviations of data repeatability tests from their mean.
2.4. AFM friction measurements
Friction measurements on coated cutting tool were performed by
Fig. 5. Instrumented friction measurement on drilling tools by AFM.
Table 3
Sliding conditions for AFM friction measurements.
Applied load (μN) Sliding speed (μm/s)
20
40
60
2
4
6
8
10
0
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300
400
500
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700
800
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m/J(
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gnittuc
cificepS
3 )
Cutting speed (m/min)
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TiB2 coated
Dia. coated
a
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Fig. 6. Speciﬁc cutting energy for the three considered coated drill tools at the different
drilling conditions. a) at Vf ¼ 100 mm/min, b) at Vf ¼ 200 mm/min, c) at
Vf ¼ 300 mm/min.
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atomic force microscopy “Dimension Edge™ - Bruker” as shown in Fig. 5.
AFM instrument has been used with a Berkovich diamond tip indenter
with small tip radius (~40 nm). The tip indenter is related to a steel
cantilever that has a spring constant of 450 N/m. The tip indenter slides
on the tool-coated work surface at constant load and sliding speed in the
ﬂank face of the secondary cutting edge which is easier to set up as shown
in Fig. 5b. Since the coating is uniformly deposited on the drilling tool,
the measurement of the friction response on the secondary cutting edge
will reveal the intrinsic friction signature of each coating interface. The
considered sliding distance is 10 μm in order to work near to the active
zone (i.e. near to the cutting edge). The friction signal is measured over
the sliding distance and the friction coefﬁcient is determined by
computing the ratio between the mean friction signal and the applied
load at each sliding condition. Table 3 presents the studied sliding
conditions.
3. Results and discussion
3.1. Energetic analysis of drilling
The energetic analysis consists on determining the speciﬁc cutting
energy (Ec (N.mm2)) that can be calculated by equation (1) where Mc
(N.mm) is the measured drilling torque, ω (rad.min1) is the angular
velocity and Q (mm3.min1) is the material removal rate.
Ec ¼ Mc  ωQ (1)
The angular velocity can be determined from the cutting speed (Vc
(m.min1)) and the drill diameter (D (mm)) by the equation (2). The
material removal rate is calculated using equation (3) where Vf
(mm.min1) is the feed rate.
ω ¼ 2000 Vc
D
(2)
Q ¼ π  D
2  Vf
4
(3)
Fig. 6 presents the results of speciﬁc cutting energy at all the drilling
conditions. The speciﬁc cutting energy of the three drill tools increases by
cutting speed increasing and decreases by feed rate increasing. There is a
slight difference between the uncoated tool and the TiB2 coated tool,
especially when increasing the feed rate. At high feed rate, the effect of
cutting speed becomes less signiﬁcant. Furthermore, speciﬁc cutting
energy increases signiﬁcantly when using the diamond coated drill tool.
In addition, the effect of tool kinematic is more obvious by the diamond
coated tool. However, it tends to behave in similar way as the other
coated tools at high feed rate. Since the speciﬁc cutting energy is an in-
dicator of material machinability [16], it can be concluded that diamond
coated tool deteriorates the machinability while the uncoated tool im-
proves it.
The speciﬁc cutting energy in Fig. 6 is a global concept. It contains
different tribological mechanisms that occur during the drilling opera-
tion. Typically, the speciﬁc cutting energy (Ec) can be considered as a
Fig. 7. AFM scan images of the three considered coated tools. a) Uncoated tool, b) TiB2 coated tool, c) Diamond coated tool.
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Fig. 8. AFM friction response of the three considered coated drill tools at different applied
loads: a) at 20 μN, b) at 40 μN, c) at 60 μN.
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combination of three principal components: the shearing energy (Eshear-
ing), the deformation energy (Edeformation) expended by the deformation
when drilling, and the friction energy (Efriction) dissipated by sliding
friction [4,17] following the equation (4).
Ec ¼ Eshearing þ Edeformation þ Efriction (4)
By considering these three physical mechanisms, the energetic
behavior of the drilling operation regarding the tool coating can be
explained. Indeed, adding a coating to a cutting tool increases the cutting
edge radius as shown in Fig. 3. Diamond coating generates the highest
cutting edge radius because of its high thickness as shown in section 2.2.
Consequently, increasing the cutting edge radius favors the ﬁbers
deformation inside the composite structure before being sheared by
increasing the cutting contact area as previously demonstrated for the
milling process [5]. This will increase the deformation component (Ede-
formation) of the speciﬁc cutting energy as well as the shearing component
(Eshearing) since the ﬁber shearing becomes difﬁcult by increasing the
cutting edge radius [5].
On another side, the sliding friction component (Efriction) is dependent
of the surface properties of the two materials in contact. Changing the
tool coating type changes the tool surface morphology and then the tool/
material contact property. It's interesting to investigate the intrinsic
Tribology International
tribological signature of each tool coating for more understanding of the 
sliding friction behavior when drilling. This is the aim of the next section.
3.2. Intrinsic sliding friction signature of coated tools
To reveal the difference in the intrinsic friction signature of each
coated tool, it is necessary to work at microscopic scales that present the
scales of surface morphology changes regarding the tool coating type
(Fig. 3). AFM instrument has been used in contact mode for friction tests
on coated tools [14]. The considered zone for the indentations
(50 μm  50 μm) has been scanned near to the cutting edge by the same
AFM mode to well target the tip indenter position and the sliding dis-
tance. Fig. 7 shows the scan images of the tool surfaces that correspond to
the deﬂection signal of the indenter. These scan images reveal the
morphological difference between the three cutting tools according to
the considered coating type as previously observed in the SEM images of
Fig. 3. The mean arithmetic roughness (Ra) in the scan area is 15 nm for
uncoated tool, 20 nm for the TiB2 coated tool and 44.9 nm for the
diamond-coated tool. Each sliding test is repeated six times at different
places of the scan area in the same conditions to verify the repeatability.
As for the cutting forces (section 2.3), the intrinsic friction coefﬁcient
(described in section 2.4) is presented as the mean of these six repeated
Fig. 9. SEM images of the machined lateral surfaces drilled by the three considered tools with feed rate Vf ¼ 100 mm/min. EF: Elementary ﬁbers, MX: Matrix, DB: Debris, SUF: Short uncut
ﬁbers, LUF: Long uncut ﬁbers.
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tests. Errors are considered as the average of the absolute deviations of
data repeatability tests from their mean.
It's important to notice that the objective here is not to quantify the
sliding friction contribution in the cutting energy of the last (section 3.1)
because the process is not the same and the tool/tip indenter contact
cannot be compared to the tool/composite contact. The aim of this sec-
tion is to determine whether the tool coating type inﬂuences the intrinsic
friction signature of the cutting tools at micro-scale. This will allow more
understanding of how the sliding friction can behave by changing the
tool coating property when drilling.
Fig. 8 presents the intrinsic friction behavior of the considered cutting
tools in function of sliding speed for different applied loads. Globally, the
sliding speed effect at these micro-sliding scales is insigniﬁcant and the
applied load contributes to reduce the friction response. Uncoated tool
and TiB2 coated tool seems to behave in the same way when increasing
the applied load. Diamond coated tool generates the highest friction
response which is about more than the double of the friction values
generated by the other cutting tools.
At micro-scale, diamond coating presents the roughest surface with a
high density of surface asperities (Fig. 7c). TiB2 coating generates a
surface topography which suits that of the tungsten carbide substrate.
However, TiB2 coating induces more surface asperities than the uncoated
surface substrate as shown in Fig. 7a and b. Thus, the difference of the
surface topography between the three cutting tools at micro-scale will
affect the real contact surface which controls the intrinsic friction
response of each coated cutting tool.
Fig. 8 shows that the intrinsic friction responses of the cutting tools
behave in the same way as their own speciﬁc drilling energies in Fig. 6.
This is the sign that the micro-friction properties of the tool coating can
inﬂuence the machinability when drilling ﬂax ﬁber composites by
affecting the tribological phenomena at the interface between the tool
surface and the composite surface. The machinability of ﬂax ﬁber com-
posites at different drilling conditions will be evaluated in the
next section.
3.3. Micrographs of the machined surfaces
Microscopic observations of surface state were made by scanning
electron microscope (SEM/model JSM-5510LV) at low vacuum mode
(20 Pa) without any coating of the samples. Typical representative sur-
face morphologies as induced by drilling at the lateral surfaces of the
drilling holes are hence presented in this section. To target the desired
lateral surfaces, the drilling holes were cut from their centers by water
jet cutting.
Fig. 10. SEM images of the machined lateral surfaces drilled by the three considered tools with feed rate Vf ¼ 300 mm/min. EF: Elementary ﬁbers, MX: Matrix, DB: Debris, SUF: Short
uncut ﬁbers, LUF: Long uncut ﬁbers.
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Figs. 9 and 10 show the microscopic machined surfaces state for the
three considered cutting tool at different cutting conditions. The micro-
scopic observations are in total consistency with the energetic analysis
carried out in section 3.1. Indeed, the uncoated cutting tool offers the
best machinability, especially at high feed rate. Thus, the elementary ﬂax
ﬁbers are well cut as we can observe the cross section of the ﬁbers
(Fig. 10a,d). It can be notice that the effect of cutting speed is insigniﬁ-
cant at high feed rate. Machinability in the case of TiB2 coated tool is
acceptable at high feed rate and low cutting speed, However, it can be
seen some uncut ﬁber extremities due to ﬁber deformation and, then, the
ﬁbers cross section is not clearly visible. Moreover, the diamond-coated
tool presents the poorest machinability at all cutting conditions. The ﬁ-
bers are strongly deformed and remain on the machined surface without
being cut (Fig. 9c,f). The ﬁbers are not cut but torn-off (Fig. 10c,f). This
inevitably explains the very high speciﬁc cutting energy produced by
diamond-coated tools.
The SEM observations of this section show that the considered cutting
conditions change the machined surface characteristics by affecting the
rate of the uncut ﬂax ﬁbers on the machined surfaces. This will inﬂuence
the tribological properties during the drilling operation, especially the
drilling friction between the tool and the composite. The next section will
investigate these tribological phenomenon.
3.4. Multiscale drilling friction behavior
Macroscopic drilling friction is inspected using the in-situ apparent
friction coefﬁcient (μapp) which involves different friction contacts:
sliding contact between rake tool face and removed chip surface, sliding
contact between ﬂank tool face and machined surface, in addition to the
contact between the secondary ﬂank surface and the machined surface.
μapp can be obtained by the equation (5) whereMc (N.mm) is the drilling
torque, F (N) is the drilling thrust and R (mm) is the drill radius [18].
μapp ¼
Mc
F  R (5)
Fig. 11 shows the drilling friction behavior for all the cutting condi-
tions. Uncoated drilling tool induces more friction comparing to the other
coated tools. The induced friction difference between TiB2 coated tool
and diamond coated tool is more obvious at high feed rate where TiB2
coated tool generates more friction than diamond coated tool. The cut-
ting speed reduces the friction except at high feed rate where its effect
becomes insigniﬁcant.
It can be seen that the microscopic intrinsic friction response induced
by tool coating (section 3.2) inﬂuences the macroscopic drilling friction
response by changing the cutting edge surface morphology and the cut-
ting edge radius. However, diamond coating, which have the highest
intrinsic friction response, induces the lowest apparent drilling friction.
Friction is a complex phenomenon that cannot be reduced to a single
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Fig. 11. Apparent drilling friction for the three considered coated drill tools at the
different drilling conditions. a) at Vf ¼ 100 mm/min, b) at Vf ¼ 200 mm/min, c) at
Vf ¼ 300 mm/min.
Fig. 12. Schematic diagram of drilling tool operation.
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mechanism. But rather is a result of simultaneous action of various
mechanisms at different scale levels [15]. In the case of drilling, the
friction is more complex because the apparent friction considers the
contact between the composite material and different surfaces of the
cutting tool such as the primary and the secondary rake faces, the pri-
mary and the secondary ﬂank faces, the primary edge radius area, and the
secondary edge radius area. The friction forces differ for each tool
side/material contact at each step of drilling operation. Indeed, the
contact between the composite material and the primary cutting edge,
primary rake face and primary ﬂank face will be at the cutting step when
the drilling tool crosses the workpiece from the entrance face to the exit
face of the material (Fig. 12). At this drilling step, the speciﬁc energy is
the highest because the material shearing occurred and controls the
dissipative energy behavior. The shearing mechanism is revealed at
mesoscale when the contact is arisen between the primary cutting edge
and the composite material, especially the ﬂax ﬁbrous structure that is
composed of ﬂax ﬁber bundles (between 50 μm and 100 μm of diameter).
At this contact scale, the cutting edge radius value has a signiﬁcant effect
and controls the cutting process. Consequently, the diamond coating, that
has the highest cutting edge radius, induces the highest drilling energy
since the shearing mechanism at this scale becomes difﬁcult by
increasing the cutting edge radius.
Since the point length exceeds the exit side of the material, no contact
is occurred with the primary faces and the drilling operation is reduced to
the sliding friction:
 between the lateral machined surface of the drilled holes and the
secondary ﬂank face of the drilling tool.
 Between the removed chip and the secondary rake face of the drilling
tool.
These two sliding friction processes controls the apparent drilling
friction at macroscale. To understand why the drilling friction induced by
diamond coating tool is the lowest when drilling ﬂax ﬁber composites
even if the intrinsic friction response of diamond coating is the highest,
it's necessary to investigate the friction mechanisms on microscale of the
surface asperities.
At the asperities scale, two main mechanisms can occur: adhesive
friction and deformation of asperities. Both friction mechanisms are
directly proportional to the real contact area and, thus, the friction force
increases by increasing the real contact area [19,20]. However, every
nominally ﬂat surface has a roughness and the real contact area is only a
small fraction of the nominal contact area because the contacts take place
only at the summits of the asperities [15] as described in Fig. 13.
Considering the high difference of hardness between the tool surface
material and the ﬂax composite material [5], only the composite surface
material will be affected by adhesion and deformation mechanisms.
Therefore, the more the tool edge surface has asperities the more the real
contact area decreases and, then, the micro-friction induced by adhesion
and deformation decreases. Consequently, the diamond coating, that
have the highest roughness, induces the lowest drilling friction from a
microscopic point of view.
At mesoscopic scale, an additional mechanism must be considered.
Mesoscale is the pertinent scale for machining analysis and corresponds
to the ﬂax ﬁbrous structure size. As shown in section 3.1 and SEM images
of section 3.3, using diamond coating tool induces a high rate of uncut
ﬁber extremities that exceed the lateral machined surface of the drilled
holes. Therefore, the friction contact at mesoscale will be not only with
the PP matrix and the cross sections of elementary ﬁbers, but also with
these uncut ﬁber extremities that play a role of third body and affect the
tool/material contact interface. A third-bodymechanism is then occurred
at mesoscale and tends to reduce the friction at this scale since ﬂax ﬁbers
plays a role of third body lubricant as explained in Ref. [6]. Conse-
quently, the diamond coating, that generates the highest uncut ﬁber
extremities, induces the lowest drilling friction from a mesoscopic point
of view.
To summarize, this work shows the scale effect on the tribological
behavior in drilling ﬂax ﬁber composites. The overall macroscopic
behavior is inﬂuenced by multiscale phenomena that arise at micro- or
meso-scales. This is the speciﬁcity of natural ﬁber composites that have
multiscale tribo-mechanical behavior as demonstrated by a previous
work of the authors [14]. It can be seen the shearing and third-body
mechanisms are revealed at the meso-scale (i.e. scale of the ﬂax ﬁbers
bundle), while the adhesion and deformation mechanisms are affected at
the micro-scale that is the scale of the surface morphology changes of the
faces in contact when drilling. Even if the intrinsic friction response of
diamond coating is the highest, the drilling friction induced by diamond
coating tool is the lowest when drilling ﬂax ﬁber composites. This
macro-friction behavior is due to the different friction mechanisms that
occur at two different scale levels (micro and meso).
4. Conclusions
This paper is focused on the multiscale tribological inﬂuence of tool
coatings on the machinability of bidirectional woven ﬂax ﬁber reinforced
polypropylene composites. For this aim, uncoated tungsten carbide, ti-
tanium diboride coated and diamond coated tools were used to conduct
the drilling tests by varying the tool kinematics. The following conclu-
sions can be drawn:
 Introducing a tool coating damages the machinability of ﬂax com-
posites by increasing the speciﬁc cutting energy during drilling
operation. Increasing the cutting speed increases the cutting energy
while increasing the feed rate decreases the cutting energy and re-
duces the cutting speed effect.
 The diamond coating deteriorates the machinability more than the
TiB2 coating. Diamond coating thickness leads to increase the cutting
edge radius as well as the intrinsic friction response of the cutting tool
by changing the tool surface morphology.
 Even if the diamond coating has the highest intrinsic friction
response. The drilling friction induced by the diamond coated tool is
the lowest. This is a consequence of the multiscale friction mecha-
nisms that occur at the tool/composite interfaces and are due to the
coating surface morphology.
Fig. 13. Schematic depiction of the real contact area between the cutting tool surface and the composite surface at microscale. a) High tool surface roughness. b) Low tool sur-
face roughness.
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